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MODEi_lNG OF IRRADIAT ION-INDUCED AMORPHIZATION

IN A TITANGTE CEEAMIC-

W. A. Coghlan-- and F. W. Cllnarcl, Jr.

Materials Sc~ence awl Technology Division

Los AIamos National Laboratory

Los Alamos. NM 87545

Abstract

Calc~llatlons have been carr led out to model the alpha

decay-induced conversion of a t~tanate ceramic (CaPuTi,.O-r) from the

Crystall lne st~te to an amorphous condition. Exp@rimmntal results have

shnwn that the d~%ordered state varies with irradiation temperature and

● xtent of redamaget and so special consldmration is qlven to those

factors. ~eS(Jlt% of these Calculatlc$ns are ●pplied to the analysls of

dimensional chanqe% d~rlnq Irradlatlon at various temperatures and

release of st,or ed enerqy on recovary to th8 crystall ln~ state. Model lnq

results appear to %IIUW that it is possiblm to convert to the G,IIuI”?hous

state under Irradiation by two dlffmrent procmssms. Mod81~nq is also

employ~d to ● ntcnd ~npmrimental r~gults on swel ling from the Dresent

data basin to a tllqh clamag~ rate characteristic of Ion implantation and

the low rates typical of nuclear waste storaqe and self-damage of

r]atural mineral andloquem.

- .- - -- ..- .. - . . - .. - -- -- - - -- - ., - -- - - - - - - . - - - - - - -- - -- - - - - - - - - - - - .- - - - -. - - - - -

“Work carr~qd OIJt ~lnder thm ●uspice% sf the U.S. Dcp~rtment of Enerqy
“=w.fi. Coqlllan IS a ~onwultant at Los Glamas National I aboratory. Hl%

perman-nt address IS Chemical and B!o Enq~ne@rlnq and Matmrlals

Scierrre, hl-lzona State IInlverslty, Tempe, AZ S52F17,



r -2-

1. Introduction

Some ceramics can be converted from the crystalline stat= to

● n atomically-disordered (i .c. Q amorphous or m-tamlct) condltlon by

particlm irradiation. Studi@s of synthetic zirconolite (CaZrTit.O.~) and

related materials such ● s the CaPuTi,tCly investigated here have shown

that these titanates become disordered when imp!anted with pb ions CIIQ

irradiated with nmtltrons C21S or St~bJected to self-damage by dopinq with

short half-life “’’-RI (3-51 or ‘“’’”Cm[61 isotopes. Ih= mineral

zirconolite can ● lso bc converted to the metamict condition over

geoloqlc times by ● lpha decay of nat~lrally-present 11 or Th ions [7,HI.

[n all these case% metamlctizataon results from gradual ●ccumulation of

disordered damaqe tracks formed d(lr~ng irradiation. EXAFS studies of

mineral forms [91 show that the pr)ncipal difference bmtween the

crystal line and amorphous Strllctures is the misaliqnment~ in the latter

c~se~ of T~O., octahedral structural Ilnlts.

Important factors In the [conversion procews ● re damaqe dose~

extent of redamaqe of ● qlven microvolume~ ●nd conc~lrrent I ●coverv

processes relatmd to th8 tmmpmraturw of irradiation. Recrystallkzatlsn

on heatinq ●fter irradiation 18 primarily ●ffected by fraction of

material converted to thm ●morphous condition. At relatively low

I III* IIpll * I* plrp,llrd .1* ,111m ,,111111,11 *,WL ,Imlllilllrll h .,11 Apll, $ ,,1 II,, I Il,l,yl \lJl~.
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temperatures (near 300K)* zirconollte-like ce~amlcs exhibit similar

damage response as a fllnction of dose over twelve orders-of-magni t~lde in

damage rate [31, indicating that cc~current recovery at this temperature

13 minimal. However ~ the exact process for amorphlzation of the nat~lral

minerals is not known since th= swelllnq VerSLJ5 dose is not known. We

W1 Al show that the final state may be affected by this dose dependence.

Increasing the irrad]atlon temperature of CaPuTi;..O,i to 575K ha% a

slqnlflcant ●ffect on the conversion pracess~ both in reducing the rate

●t uhlch conversion takes plac@ and in ca~!slnq formation of a

less-disordered metamlct state [3351 for the terminal phase. At 875K

with the damage rate characteristic of alpha decay of ~’m’’Pu~ recovery

overwhelms damaye and the material remains crystalline [31. This

behav~or 1s shown in Fiq. l! where swelling is plotted aqalnst dose.

Details of the ●volutlon of the damage %tate in metamlct-prone

cerarnlcs and lts effect on physical propert~es are poorly understood

and so It is uspful to employ computer modellnq to trace that ●voiution

and ●stabl~sh the basis for predlct~nq materials responme at different

●[rradlatlon temperatures for samples s~lb,iected to Pb ion bombardments

self-damaqm from dopinq with Pu or Cm~ or rlamagm from a nat~lral content

of II or Th are not precisely 30C)K. However~ tranmmlsslon ● lectron

m~cro%cop~c ●xam]natlon% [133~81 have revwal~d no dlscarnable

dl ffcrences In damaqw rF%pcII\se.

.. ----- ----- . . . . . . . . . . . . . . . . . . . . . . . . . ----- . . ,---, --- ------- -----
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damage rates from those for which experimental data exist. In the work

reported here damage and redamaqe effects in CaPuTiti~OY are modeled.

13ata on temperature-dependence of damage response is then used to

predict behavior at a higher irradiat~on flux (characteristic of ion

implantation) and a lower flux (typical of that to be encountered in

perfnalleilt storage of n(lclear waste and in nat~lral mineral analogies).

II. Model for Gmorphization of CaPliTi,.O.,

The ultimate qoal here is tG develop a model that would contain

all the experimentally observed featllres of the process. In particular

the model must show no amorphlzatlon for self-irradiation ●t 975 K and

romplete amnrphization at temperatures at and bQIOw 575 K. During thm

course of %@v@ral lnvestlqatlons~ a variety of ●violence ham accumulated

to support the ● rnlstence of %everal different metamict states: viz.?

samples show at least two amorphous state% for irradiations at 350 K and

these are different from the state or stat-s se-n for irradla+,lons at

575 K, The differ~nce in thz density for th~ terminal phaswm showrl in

Fiq. 1 ●s well as the marnim~lm in the swelling versus dose curve at 3S0 K

s~p~~rts thmc contentions. Qdd~tlonal evidenc~ h.~s bsmr! c~smrv~d in

● l@ctron diffraction [S1 ●nd A.a recovmly of th- dilated ntate on

annmal~~q ●t 975 KIIO]. Also the ●nmrgy releasmd on anncal~nq %ampl@s

trracliatad at 350 K pasnmm thro(lqh a max~m~lm with dose ●nd levels off at

abollt !31 kJ/kq for hlqh rto%ms[4J. TIII% last result ,s cmnslstent with a

chartqm III th~ arnor~)ll~li~ ~t~~~ fram (IIIQ exhltjltlnq ● hiqh stored !rn@rqy

to a dlatlrlctly different n!le (haralt~rlzed by a much lower value.
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through the damage created after the a-decay of the ‘J==P(J, The damaqe

process occurs randomly and can be described using Poisson

9tatisticst 113121. The fraction of material that has been damaged by

n-damage tracks after irradiation for time t 15

F,, = (At)” exp (–Xt),—- —. (1)
nl

where ~ 1s the mean cascade rate in the volume and is the product of

the damage track volume! VJ and the cascade rate per unit volumes N...

Using this ●quation w- can calculate the fraction of material that is

llndamaged ~

F,., = exp (-~t)? (2)

and the fraction of material that has been damaged by a single damage

track ,

F, = Jt enp (-At). (3)

Using these rmsults we can then find the fraction that has been damaqed

by 2 or morm damage tracks~

G,. = 1 -F,, -F,. (4)
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a density of d-. As damage @vents occur the damaged vollime V will have

a new density of dt~ and after re-irradiation the structure of the

damaged region will relax to a density d,,. Using the previously defined

equations for the various vol!lme fractions~ the density as a function of

time will be

d= cl;, + [ (d,:,, – d,,?)+(d, -- d~.) Jtl exp (-~t). (5)

Swellings S~ is defined as the change in volume per unit volume;

therefore~

Fiqure 3 shows a family of curves that are obtained using a

val(le of rl= dlld,.~ = 0.9S and a range of r~= d~!tdti>. The general shape

varies fr~fn curves havinq a low maximum to those having a long nearly

lin~ar dependence on time. Curves showinq the maximum occur for dl < d,.

and the curves with a more linear curve occur for di s d.,. These

observation lead us to attempt to fit the results in Fiq. 1.

The model described above was (Ised to calculate time-dependence

(i.e.? dose-dependence) of damaqe response in CapuTi~-~0-~ near 3!50 K and

57S K as shown in Flq. 1. The result% of thesm calculations are ghown

in Fiq. 4. + G~van that the ra%cade rate per (Init volume per unit times

N,.~ in the%e samples 1s 1.52 x 10’” aim”gs the only •dj~lstable

parameters are the vnlumc! of each cascade and the ratlus in dengities~

1“I = d,/d,, and r,) = d,tidi,. Ualucs of r I = 0.92 and rlt = 0.952 qave the

b~st fit to the 350 K data, whll~ for ttl~ S75 k curve the corresponding
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values were r, = 0.99 and r,, = 0.953. The fitting process was

trial-and-error with care taken to fit the limiting swelling values~ the

average ;.nitial slope of the curves and the position of the maximum in

the 350 K curve. The volumes of the cascades were allowed to vary and

the final values were 7.19 x 10-e” ma and 1.31 x 10-”G= m= for 350 K and

575 K? respectively. Since no amorphous state was observed at H75 KJ no

model ling was done for this sample and the predicted swelling curve

would lie alonq the time (i.e. dose) axis. The consequences of these

res(llts are discussed in the fol lowing sections.

Part of the temperature-dependence of damage response is

represented by the different values needed to fit the swelling curves at

different temperatures. Clne method to predict the swelling behavior at

temperat~lres other than 350 K and 575 K would be to extrapolate the

present results to those temperatures. HoweverJ some of the differences

are believed to come from different damagm mechanisms operating at

various temperatures. Changes in the damage mechanisms depend on the

kinetics of r-ecrystal lization~ relaxation? and the damage structure

within the damage track.

Some estimates of the temperature and dose-rate dependence? of

some of these processes have been made based on other thermal

mea9~lrements. Weber et ● l.[bl meas~lred the activation energy Q for

I“ecrysta llizatir)n to be 5.8 ●V in “’’’’Cm-doped zirconolite us~ng

differential thermal analysis (K)TR). The recrystallization peak

occ~lrred at 945 K for a thermal scan rate of 5 K/rein. It can be shown

that the recrystall~zatiorl process lasted 277 s at this rate. (This time

is that r~quired for thm temperature scan to cross the width of the peak
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at 1/2 heigh t.) If we ass~lme the recrystallization rate is proportional

to t ~ where t is measured as abnve, the time for recrystallization can

be found at any temperature~

t = t,, e~p (G1/kT), (7)

q,
where t,-, = 6.24 x 10’-’=’”+s. If a further ass(lmption is made tk.at if

enough radiation occurred during the time for recrystallization to

amorphize the samole~ the sample would not recrystallize. The Llse of an

alpha decay dose equivalent to 100 days of self-irradiation in the

CaP(lTieOT~ (i.e.) well into the process of damage accumulation as shown

in Fig. 1) qives an equation describing the recrystallization

temperature verslls damage rate)

T,, = Q/[k ln(O.173/N,. tr,)l. (0)

The constant k is calculated using the equivalence of 1.53 x 10’m a/m’%-s

= 2 x 10”W dpa/s[31 and N,. in eq(S) is in units of dpais.

A second> smaller DTA peak has been seen in heavily irradiated

material[4~61 which may be associated with the relaxation of an

amorphous condition from that observed at 350 K to that observed at 575

K. If the activation ●nergy for the subsidiary peak determined by

Weber et al.[61 of 3.1 ●V is assumed and an analysis similar to that

above for recrystallization is performed) the temperature for

r“cla~atiun, T,., lS found in an equation equivalent to eq(e) with a value

of t,, = H.46 X 10 ““ s. The relaxati~n temperatlJre for 2 M 10 “ dpa/s

is 600 K which means that the 575 K sample would not be relaxed. It
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therefore appears that irradiation aids in the relaxation process. If

we assume that the relaxation time under irradiation at 575 K is about

10 days and would be 171 s at 729 K where Meber measured it, Gl = 1.93

and tt~ =1.04X10J ’S. This change makes it possible to predict

relaxation at 575 K; but? as is shown in Fiq, 5 the predicted relaxation

temperatures will nGt vary greatly over a wide range of dose rate. In

Fig. 5 the effect of dose rate on final damage state is shown for damage

rates varyinq from 10 ““ dpa/s for ,,at~lral minerals to about 10-””= dpa/s

for ion implantation. The ranqe from about 10-”+ tc 10-L’~ dpa/s is that

expected for high level nuclear waste[81~ depending on the age of the

waste form. It may be seen that the two choices for the relaxation

properties make only a small difference; materials stored and irradiated

below about 425 K will not he relaxed while those stored and irradiated

below about 650 K will be amorphous. This is agreement with the natural

zirconolite beinq amorphous.

Iv. Discussion

Dev=loprnent of a model to explain the temperature- and damage

rate-dependence of swellinq for plutoniutn-subst ituted zirconol ite has

not bQen easy. Many earlier models have been tried and discarded for

one reason or another. One important effort (unpublished) involved an

attempt to explain the measured results at 57S K by invoking contin~lous

recrystallization of the damayed regions. The assumption that the

recrystallization rate wag proportional to the contact area between the

crystalline remanents and the amorphous tracks provided a

ContinlJo~151 y-decreas inq r“ecuv~ry ratie as the material became amorpho~ls.

This model failed beca!~se (1) the rate at which the material became
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amurphous was slower than the model presented here~ and (2) the

temperature range over which important changes could be observed was

very narrow even for

0.25 eV). Even then

seen at temperatures

accord with expected

unrealistically small activation energies (e.g.

the effects observad at 575 K would not have been

as close as 570 K or 580 KS a result we felt not in

behavior .

The simpl~r model presented here overcomes many previous

objections and explains many of the observations. Further it makes

possibl~ prediction% concerning temperat~lre and dose rate regimes not

yet studied experimentally. The model also suggests that amorphization

occurs hy two different processes which depend on temperature and which

probably also depend on dose rate. At low temperatures, 350 K for this

materialj damaqe tracks appear to be amorphous regions with much lower

density than that for the crystalline material and also lower than that

for the terminal amorphous material . (7ur assumption of a second

over lappincj damage track causing relaxation to the final state (another

lower enerqy metarnict phase), very nearly fits the observed swelling

clJrVe far the l~w-temperature irradiation.

The parameters required to approximate the 575 K result indicate

that the initial damage region at 5?5 K has a much higher density that

that at 330 KS while still dilated by comparison with the startincj

material. In our model a secnnd damaqe event again results in the

terminal ptlage, but the sit~lation 15 different frc)m the

lower-temperature case in that the terminal density is red(lced by

redamaqe. }iere the model proposed I]y Pedraza and Mansur [13~14]J

involving accumulation of a critical concentration of deferts leading to
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conversion to a lower-energy amorphous condition~ may be applicable; the

~lnifying theme in their work and ours is that conversion in accompanied

by dilation.

The difference between the density of the terminal phases at

350 K and 575 K makes it possible to explain another interesting

observation[31. After irradiation at 575 K for 430 days a sample was

cooled to 350 K and irradiation was cnntinued. The material almost

immediately swell~cl to the same value thlt was observed for a continuous

irradiation at 350 K. The rapid expansion is explalned by cur model

if each damage event transformed a larqe quantity of amorphous

material . The reverse ●xperiment (heatinq from 350 K to S75 K) was not

performed) but our model woilld predict a rapid transformation back to

the swelling value found at 575 K.

One of the most significant obuervatiuns In tl_,e earlier work 15

that repeated damage of this material results in a halvinq of stored

enerqy [41. S(lbseqlient calculations have demonstrated that this ●ffect

i% the result uf reordering of atoms within the metamict state rather

that reduction of internal strains [1!S1. Stored ●nerqy results for the

high-dose regime (in which an inverse relationship was noted betwemn

stored ●nergy and damage level) are tablllated ]n Table 19 along with

correspondlnq data from Fiq. 2 on damaye fract]ons.

Comparison of ttte results fnr 224 days and 5S0 days, the

interval d~lrinq whluh the qreatest reduction of stored ●nergy occurred~

is most ~lsef!ll . tt~re it is apparent that the ~ncreas~ in ●nergy that

accompanies conversion of th- 10’A !lndamaged material is far outwelqhed
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by the ●ffects of redamage. It is not possible to determine from direct

measurement the stored ●nerqy value characteristic of once-damaged

material? due to the presence of multiple damage states at those doses

where the fraction of singly-damagecl material is large. However~ if it

is assumed that redamaqed material has a constant value of 51 J/q (as

was the case at 1 19S days) then the stored energy vallley of Table 1 can

only be accounted for by taking the energy for once-damaged material to

be very hlqh, on the order nf 200 kJ/kg. This large difference in

stored ●nergy between once-damaqed and multiply-damaged material

indicates the importance of assess~ng as precisely as possible the

extent of redamage In materials converted to the amorphous condition by

irradiation. It %holl!d also tJP poir,ted out that the large difference

was observed for material damaqed at 350 K where the initial damage

state has a m~lch lnwel density It would be inter-sting to have the

same informatlnn abollt the material damaqed at 575 K.

The damaqe lat~’ calcu,at~ons (Fiq. 5) allow predictions of

technolmqlcal lmpnrtanc(? to be made. First, ~lnless nuclear waste is

stored at temper-atures qreater than 723 K? the material studied here~ a

major phase of thw SYNROC ceramic waste form? wi 1 1 become amorphous.

However 9 if amorphlzation is accompanied by ~lnacc~ptable degradation of

propertlest storaq~ faciliti~s cuuld be desiqned to maintain

ternperat~~res qreat~r than this val~l~ ●nd ttle crystalline state ro~tld be

pr~ser v-{j. The dnalysls al%o suqq~sts that the amorphous state could be

different depen[llnq on the temperature~ with a less dense phase pres~nt

for temperat(!r~s below @73 K. The fracture arid lmarhlncj behavior of

these two mat~r lals mlql]t be differ~-.t,, aqairr suqqestlr~cj the ~]omsll~le

desirability of temperatur~ control.
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The observed differences between amorpholls phases formed at

different temperat(lres and doses might have significance beyond tile

field of n[lclear waste, for example il] the area of ion implantation.

This technique is gaining importance as a way to improve the properties

of both metals and ceramics> by creatinq a doped amorphous layer that

increases resistan(.e to wear c)r cor rc)siorr. Wit,h respert to wear, the

present findinqs suqqest that lower implantation levels with their

accompanying hicjher surface ~ompfessicrn~ may qive tlest mechanical

properties. On the other hand, corrosion resistance could be enhanced

by heavy doses desiqned to rect~lce stored enerqy of the implanted layer.

VI. Conclusinlls

~morph~zatlor) by self -lr-radl.>tion of CaPuTl,.0, I% temperatllre

anrl dose dependent. Experimental evidence suggests the existence of two

Or more amorphrr(.is phase~ which tr~n%form to other amorphous phases tinder

lrradl-;ilon. @ppl~cation of a simple mudel ~l~qgests two distict

mechanisms for the formation of the terminal amorpho{l?i phases at hiqh

damaqf?. llt 3S0 K the initial amorphous phase has a lower det?sity than

the terminal ~~hase while at 57S K the opposite 1s trlle. At the hiqt,er

temperature the in~tial damaqe region% are Iarq@r and have a density

br?tween tl~e rrystall lne and terminal phases. The phase present at high

dose% 1s !e%s Ur=nse at ,450 K than at 575 K but transforms rapidly when

the temper.at(lr e IS lowered; the modei predicts the reverse

transformat]or) if th~ temperat~lre IS raised. Combined experiment and

mode] 1 ir?q rarl be ~I%P(~ to predict hphavior uver a wid~ ranqe of damaqe

rat~s from those (.hara~teristic (>f nat(,lral min~r~ls to those typical of
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ion implantation.
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Table 1. Damage levels stored enerqyl and corresponding damaq~

fractions for CaPuTiX1-, self-damaged near 300K.

----- -— -.. . .. .. . . .._ ----- ----- ------- ----- ----- ----- ----- ----- ------ ------ ---

Damage level , Stored ●nerqy~ F’ercent Percent Percent

days kJ/kq undarnaqecl damaged once redamaqed

154 100 10 32 50

224 92 10 23 67

55R 59 0 2 9e

l19kl 51 0 0 100

-------- ------ ------- ------ ------ . . . ------ ------ ------ . . . . .. . ------ . . .



FIGI IRE C.AFJTI(3NS

Figure 1: Bulk swelling of ,’~$.lpL4--5u~5tltl~tedZlrconollte as a function

of storage time and damage dose. Ambient temperature IS estimated to be

350 K. [from Ref. 3.3

Fiqure 2: Calc[llated fraction of IIndamaqed} damaged once! damaged one

or- more time%! or damaqed two or’ more t]mes vers(~s storage time and

damage dose.

Fiqllre 3: Swelling versus damage events per cascade volume (wllictl is

propnrtl,onal to damage dose) calculated fnr- density ratios r:.= 0.95 and

r, as indicated.

Ficjtire 4: C’alc~llat~d swellinq curves ciesiqned to s~m~llate the swell incl
resultlnq from self-irradiation of “’Jt*P\l-s~lhstit~ited zirconolite.

Fiqure ‘5: Calculated (a) recrystall~zatjon and (b) and (c) relaxation
temperat(lres for the relaxation of the %trurture of the terminal

amorphous phases. versus the irradiation dose rate. Curve (b) is based

on the DTA re?sults of Heber[61 wh] le (..urve (c) incorporates

irradiation-assl steal transformations to the final conditions.
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